Context. We assemble a database of 12 dwarf galaxies, for which optical (R-band) and near-infrared (3.6µm) surface brightness density together with spectroscopic rotation curve data are available, in order to test the slowly rotating Bose-Einstein Condensate (BEC) dark matter model. Aims. We aim to establish the angular velocity range compatible with observations, bounded from above by the requirement of finite size halos, to check the modelfits with the dataset, and the universality of the BEC halo parameter R. Methods. We construct the spatial luminosity density of the stellar component of the dwarf galaxies based on their 3.6µm and R-band surface brightness profiles, assuming an axisymmetric baryonic mass distribution with arbitrary axis ratio. We build up the gaseous component of the mass by employing a truncated disk model. We fit a baryonic plus dark matter combined model, parametrized by the M/L ratios of the baryonic components and parameters of the slowly rotating BEC (the central density ρ c , size of the BEC halo R in the static limit, angular velocity ω) to the rotation curve data. Results. The 3.6µm surface brightness of six galaxies indicates the presence of a bulge and a disk component. The shape of the 3.6µm and R-band spatial mass density profiles being similar is consistent with the stellar mass of the galaxies emerging wavelengthindependent. The slowly rotating BEC model fits the rotation curve of 11 galaxies out of 12 within 1σ significance level, with the average of R as 7.51 kpc and standard deviation of 2.96 kpc. This represents an improvement over the static BEC model fits, also discussed. For the well-fitting 11 galaxies the angular velocities allowing for a finite size slowly rotating BEC halo are less then 2.2 × 10 −16 s −1 . For a scattering length of the BEC particle of a ≈ 10 6 fm, as allowed by terrestrial laboratory experiments, the mass of the BEC particle is slightly better constrained than in the static case as m ∈ [1.26 × 10 −17 ÷ 3.08 × 10 −17 ](eV/c 2 ).
Introduction
The pioneering work by Vera Rubin and her collaborators on optical (Hα) galaxy rotation curves proved the presence of an unknown form of matter (Rubin et al. 1978 (Rubin et al. , 1985 . It was followed up by the radio (HI) observations, first systematically conducted by Albert Bosma (e.g. Bosma et al. 1977; Bosma 1981) . Fritz Zwicky also concluded from the dynamic analysis of galaxy clusters the existence of some invisible material (Zwicky 1937) , referred as dark matter (DM).
Since then other evidence appeared for matter interacting only gravitationally, such as gravitational lensing (e.g. Wegg et al. 2016; Chudaykin et al. 2016) , or measurements on the cosmic microwave background radiation (Planck Collaboration et al. 2016 ). Recent observations with the Planck satellite indicate that the DM makes up about one quarter of the energy of the Universe (Planck Collaboration et al. 2016 .
Galactic astronomy cannot explain the observed rotation curves through luminous matter alone. Several DMtype mass density profiles were proposed to relax the problem of the missing mass. The Navarro-Frenk-White (NFW) DM model (Navarro et al. 1996) emerged from cold DM structure-formation simulations. The pseudo-isothermal halo model (Gunn & Gott 1972 ) has a core-like constant density profile avoiding the density singularity of the NFW model emerging at the center of the galaxies.
Supplementing other viable proposals, Böhmer & Harko (2007) considered the possibility that DM could be in the form of a Bose-Einstein Condensate (BEC). They described DM as a non-relativistic, Newtonian gravitational BEC gas, obeying the Gross-Pitaevskii equation with density and pressure related through a barotropic equation of state. They fitted the Newtonian tangential velocity of the model with a sample of rotation curves of low surface brightness and dwarf galaxies, finding good agreement. Dwornik et al. (2015) tested the BEC DM model against rotation curve data of high and low surface brightness galaxies. Fits were of similar quality for the BEC and NFW DM models, except for the rotation curves exhibiting long flat regions, slightly better favouring the NFW profiles. Kun et al. (2018) confronted a non-relativistic BEC model of light bosons interacting gravitationally either through a Newtonian or a Yukawa potential with the observed rotational curves of 12 dwarf galaxies. The rotational curves of 5 galaxies were A&A proofs: manuscript no. slowlyrotbec_va reproduced with high confidence level by the BEC model. Allowing for a small mass the gravitons resulted in similar performances of the fit. The upper mass limit for the graviton in this approach resulted in 10 Zhang et al. (2018) derived the tangential velocity of a test particle moving in a slowly rotating Bose-Einstein Condensate (srBEC)-type DM halo. In this paper we confront their model with the rotation curve of 12 dwarf galaxies. The rotational velocity is parametrized by the central density of the srBEC halo (ρ c ), the radius of the static BEC halo (R), and the angular velocity (ω) of the srBEC halo. The value of R is determined by the scattering length a and the mass m of the DM particle. Therefore R is expected to be a universal constant and the different size of the srBEC halos should emerge due to the differences in their angular velocity.
In Section 2 we give the contribution of the baryonic component to the galaxy rotation curves. We present the model of the stellar component, we argue for a more sophisticated stellar model producing better results than the widely accepted exponential disk model, and we build up the 3.6µm and R-band spatial luminosity density models to compare them to each other. At the end of this Section we present the model of the gaseous component. In Section 3 we introduce the srBEC model. We address the maximum rotation of the srBEC halos, a novel concept advanced in relation with this model. In Section 4 we present and discuss the best-fit rotation curve models of 12 dwarf galaxies. In Section 5 we summarize our results and give final remarks.
Baryonic model

Stellar component
The stellar contribution to rotational curves is derived based on the distribution of the luminous matter, deduced from the surface brightness of the galaxies. We follow Tempel & Tenjes (2006) to derive the surface brightness density model, assuming the spatial luminosity density distribution of each visible component given by
Here l(0) = hL(4πqa 3 0 ) −1 is the central density, where a 0 characterizes the harmonic mean radius of the respective component, and k and h are scaling parameters. Furthermore, a = r 2 + z 2 q −2 , where q is the axis ratio, and r and z are cylindrical coordinates. From the measurements the projection of l(a) onto the plane of the sky perpendicular to the line of sight, the surface luminosity is derived cf. Kun et al. (2017) :
Here S (R) arises as a sum for n visible components, and we assumed constant axis ratios q i . Equation (2) was fitted to the observed surface luminosity profiles, assuming a constant axis ratio q. In the two-component stellar model the spatial mass density is
where l b (a) and l d (a) are the spatial luminosity densities of the bulge and disk components, and Υ b and Υ d are the respective mass-to-light (M/L) ratios (given in solar units).
It follows from the Poisson equation that for spheroidal shape matter, the rotational velocity squared in the galactic plane (z = 0) induced by each stellar component is given by (Tamm & Tenjes 2005) :
is the eccentricity of the ith stellar component, and ρ i (r) is its mass density.
Exponential disk and Tempel-Tenjes models
The SPARC database (Lelli et al. 2016 ) offers robust mass models of a sample of 175 disk galaxies with Spitzer 3.6µm photometry together with accurate rotation curves, well-suited to test rotation curve models. The largest number of dwarf galaxies were assumed to be bulgeless, and their photometry was fitted by an exponential disk model. The disk model is a widely explored in automatized modelling. We select 12 galaxies from this database, with the longest near-infrared (NIR) surface photometry profiles and accurate rotation curves, for which R-band counterparts are also available (this last criterion being motivated in the next subsection).
Unfortunately the exponential disk model in SPARC sometimes underestimates the luminosity of the inner region, in other cases under-or overestimates the outer region (see Fig.  1 ). Therefore we explored a more sophisticated Tempel-Tenjes model, moreover for half of the galaxies we allowed for both bulge and disk as indicated by their photometric data. We binned the NIR surface brightness profile of the galaxies on a logarithmic scale to smooth out possible small-scale inhomogenities in them. The best-fit baryonic parameters are presented in Table 1 (the respective galaxy names carry the superscript NIR). In Fig. 1 we show the best-fit Tempel-Tenjes models for the chosen galaxies, along with their exponential disk fit from the SPARC. It is clear that the Tempel-Tenjes model has a better fit to the surface brightness data.
Near-infrared and R-band spatial luminosity models
We took the R-band (effective central wavelength 634.9 nm, FWHM 106.56 nm) surface brightness data of the same 12 latetype dwarf galaxies from the Westerbork HI survey of spiral and irregular galaxies, to build up their R-band photometric models (Swaters 1999; Swaters & Balcells 2002; Swaters et al. 2009 ). These measurements were made with the 2.54 m Isaac Newton Telescope on La Palma in the Canary Islands. We again fitted the data with the Tempel-Tenjes model. Galaxies described by a two-component surface brightness model (bulge+disk) at 3.6µm are described by a two-component model in the R-band too. For the absolute R-magnitude of the Sun M ⊙,R = 4.42 m (Binney & Merrifield 1998) was adopted. The best-fit parameters describing the R-band spatial luminosity density of these 12 dwarf galaxies are given in Table 1 (the galaxy names carrying the superscript R). Compared to the 3.6µm data, the R-band data result in lower luminosities for almost all of the galaxies (one exception is the galaxy UGC6446).
Earlier studies indicate that the near-infrared (NIR) M/L ratio depends weakly on the color, several models predicting its constancy in the NIR over a broad range of galaxy masses and morphologies, for both the bulge and the disk (e.g. McGaugh & Schombert 2014, and references therein). The NIR Table 1 . Best-fit parameters describing the luminosity density distribution of the baryonic matter of dwarf galaxies at 3.6µm (indicated by the superscript NIR ) and optical wavelengths (indicated by the superscript R ). The total luminosity of the galaxies (L b for the bulge and L d for the disk) is also presented. surface photometry provides the most sensitive proxy to the stellar mass, as shown by e.g. Verheijen (2001) . We build the spatial mass density distribution of the disk (and bulge) employing the NIR and R-band surface brightness models, and Eq. (3).
The total mass of the stellar component should not depend on the wavelength at which the galaxies are observed. The masses of the bulge and the disk should be the same for the 3.6µm and R-band measurements, i.e.:
where Υ is the M/L ratio, L is the total luminosity, M is the total mass. We give the total luminosities in Table 1 based on the best-fit surface brightness models of the galaxies. Then the R-band M/L ratios are:
for the bulge and disk, respectively. The values for σ and τ are given in Table 2 , calculated based on the R to NIR ratio of the total luminosities of the 12 galaxies of the sample.
In Fig 2 we plot the mass densities of the 12 dwarf galaxies employing the best-fit surface brightness density models (from Table 1 ) Stellar population models and earlier studies on the conversion between the NIR flux and stellar mass suggest that the typical value of the stellar M/L in NIR should be at about 0.5M ⊙ /L ⊙ (e.g. Eskew et al. 2012; McGaugh & Schombert 2014 , and references therein). We assume Υ NIR,d ≡ 0.5 to derive the mass density from the luminosity density, and for those galaxies with bulge Υ NIR,b ≡ 0.5, in order to calculate through Eqs. (8) how much larger is the M/L of the disk (and the bulge where it applies) than that of the NIR M/Ls. In case of the galaxies of the present sample σ (where it applies) and τ are given in Table 2 . The predicted shape of the spatial mass densities is similar for both the R-and NIR-bands.
The SPARC 3.6µm photometry samples the surface brightness of the galaxies from a region five-ten times closer to the centre of the galaxies, out of the same region where the R-band observations end. Due to their good resolution, and the fact that they are the closest proxy to the stellar mass distribution, we employ the SPARC 3.6µm data to model the stellar component of the baryonic mass of the galaxies in the next section, to test the slowly rotating BEC model. 
Gaseous component
Observations of galaxies show that for a large fraction of dwarf galaxies the rotation velocity of the gas (measured by emission lines) is close to the rotation velocity of the stellar component (measured by absorption lines) (e.g. Rhee et al. 2004; Lelli et al. 2016) . Therefore for these galaxies it is necessary to involve a gaseous contribution to the baryonic component of their rotation curves. For this purpose we include an additional velocity square of an exponential disk (Binney & Tremaine 1987) :
where Σ 0 is the central surface mass density, R d is the scale length of the disk, y ≡ R/2R d , and I and K are the modified Bessel functions. The mass of the disk within radius R is
while its total mass is:
We employ these equation in R − R t by a introducing a truncation radius R t , where R t denotes that radius outside of which the gaseous component is not negligible. To build up the contribution of the gaseous component to the baryonic rotation curves we fitted this truncated exponential disk model to the discrete values of the gas velocity given in the SPARC database. The best-fit parameters are given in Table 3 . Fig. 2 . Mass density models of the 12 galaxies at 3.6µm (red line) and in R-band (black line). The coordinate r is measured in the galactic plane (where a = r, because z = 0). The ⋆ sign marks galaxies with two-component stellar model (bulge + disk).
Dark matter model
The slowly rotating BEC-type dark matter component
The equatorial radius of the srBEC DM halo is given by Zhang et al. (2018) R
where
ρ c is the central density and ω the angular velocity of the srBEC halo (assumed to be in rigid rotation). In the non-rotating case Ω = 0 and R 0 (π/2) = R = π/k, the radius of the static BEC DM halo R, being determined by the mass m and scattering length a of the DM particle through
where is the reduced Planck-constant. The tangential velocity squared v 2 srBEC of massive test particles rotating in the BEC galactic DM halo is given in the first order of approximation as in the equatorial plane of the galaxies by Fig. 3 . Density of the srBEC halo (coloured surface), as a function of the distance measured from the rotation axis of the galaxy in its equatorial plane (R, on the x-axis), and of the angular velocity (ω, on the y-axis). The ρ = 0 level surface is also indicated. Model parameters are: the size of the BEC halo in the static limit R = 10 kpc, the central density is ρ c = 1 × 10 −24 g/cm 3 (left panel), ρ c = 2 × 10 −24 g/cm 3 (middle), and ρ c = 3 × 10 −24 g/cm 3 (right). With increasing BEC DM halo rotation, its density does not drop to zero, rather it exhibits a positive density extending to infinity. We consider the density profile realistic only when and until it first reaches the zero-level. The fastest rotation velocity ω of a realistic srBEC halo (that can have zero density at a given radius) depends on the central density ρ c , larger ρ c resulting in higher limiting ω. −24 g/cm 3 , and the size of the BEC halo in static limit is R = 4 kpc for the left-side panel and R = 16 kpc for the right-side panel. On the left panel one can see that for small angular velocity values the srBEC density reaches zero, after which a cut-off of the model has to be applied in order to have only positive densities. This procedure also ensures the finite size of the srBEC halo. For larger angular velocities however the density oscillates around a positive value, hence no cutoff is possible and the srBEC halo extends to infinity. Comparing the left-and right-sided panels it seems the fastest angular velocity ω of a finite srBEC halo does not depend on R.
On the maximal rotation of the slowly rotating BEC halo
When formulating the srBEC model, Zhang et al. (2018) applied first order corrections to the density and radius of the DM halo. On Fig. 3 we present the density profile of the srBEC halo as a function of the distance from the center of the galaxy measured in its equatorial plane and of the angular velocity of the DM halo, for three values of the central density ρ c .
For fast rotation the halo density although oscillating, is positive at all radii, meaning that the halo size is infinite. For slower rotation however, at some finite radius the density reaches zero, where the model should have a cut-off (otherwise it is continued through negative densities). The two regimes are separated by a limiting omega value, the fastest angular velocity allowing for a finite srBEC halo (having zero density at a given radius). This limiting ω increases together with the value of the central density ρ c .
On Fig. 4 we present again the density profile of the srBEC halo, varying this time the size R of the static BEC halo. The highest ω giving a finite size halo does not seem to depend on the size of the static BEC halo R, only on the central density ρ c . While for small ω the trigonometric term in Eq. (16) dominates, for larger ω the monotonic r 2 term is dominant. In this paper we consider only finite-size srBEC models, thus those possessing an upper limit for ω.
Rotation curve model of 12 dwarf galaxies
In the previous sections we gave the contribution of the baryonic sector (Section 2.) and the slowly rotating BEC-type DM halo (Section 3.) to the combined rotation curve models. Then the model rotation curve in the equatorial pane of the galaxy is given as (Rodrigues et al. 2018 )
where v gas , v b , v d and v srBEC are the contributions of the gaseous component, the bulge (where it applies), the disk, and the DM halo to the rotation curves. When fitting Eq. (17) to the observed rotation curves, we apply a non-linear least-squares method to perform the fit with error −2 weights, minimizing the residual sum of squares (χ 2 ) between the data and the model. We are interested in such models, where the mass density of the halo drops to zero for a given radius, therefore we set an upper limit for ω, such that we allow only fits which results in finite size halos (see Section 3.2). This limit is dynamically changing during the fit with ρ c . The fitted parameters are Υ b and Υ d for the stellar component, ρ c , R and ω for the srBEC component. Fitting the M/L ratios we are able to reveal the maximal performance of the srBEC model. Table 3 . Best-fit parameters of the rotational curve models of 12 dwarf galaxies. The best-fit central surface mass density (Σ 0 ), the scale length (R d ), and the truncation radius (R t ) of the gaseous component can be found in columns 2-4. Best-fit M/L ratio (Υ b ) for the bulge (where applicable) and M/L ratio (Υ d ) for disk are presented in the 6th and 7th columns. The best-fit parameters of the slowly rotating BEC model are given in columns 9-11: the central density of the rotating BEC halo (ρ c ), size of the static BEC halo (R), and the angular velocity of the rotating BEC halo (ω). The χ 2 of the fits and the 1σ significance levels are also presented. The only galaxy that cannot be fitted within 1σ is marked by ⋆ . The total masses of the gaseous (M tot,g ), the stellar (M tot,s ), and the slowly rotating BEC components (M srBEC ) are also given in columns 5, 8, 12, respectively. The parameters of the best-fit galactic rotation curves, composed by a baryonic and a srBEC-type DM component are presented in Table 3 , and the best-fit rotation curves are shown in Fig. 5 along the observed ones. The combined model fits the dataset within the 1σ confidence level in case of 11 dwarf galaxies out of 12.
The size of the static BEC halo R is expected to be uniform for all of the galaxies, as it only depends on the mass and scattering length of the particle forming the BEC halo. From our fitting-procedure the average value of R emerged as 7.51 kpc, with standard deviation 2.96 kpc (see Table 3 ).
In Section 2.3 we derived the stellar mass density from the NIR luminosity density of the galaxies assuming M/L ratios equal to 0.5 in order to calculate how much larger are the R-band M/L ratios compared to the NIR ones, and to plot the NIR and R-band mass density curves (the total mass of the stellar component should not depend on the observational band). By fitting the M/L ratios (together with the srBEC parameters) to the rotational curve data we got different M/Ls. Hence these galaxies may hold diverse stellar populations resulting in different luminosity characteristics (e.g. Bell & de Jong 2001; Bell et al. 2003) .
Summary and final remarks
In this paper we assembled photometric data and rotation curves of 12 late-type dwarf galaxies in order to test the srBEC DMmodel from the SPARC database (3.6µm photometry) and the Westerbork HI survey of spiral and irregular galaxies (R-band photometry). Our particular interests were in 1) establishing the limiting angular velocity below which the model leads to finite size halos, 2) how well the model fits the dataset and 3) whether one of its parameters, the size of the BEC halo R in the static limit is really universal.
We investigated whether the widely employed exponential disk model accurately describes the surface brightness of the galaxies, and found necessary to employ a more complicated model than the exponential one to correctly estimate the luminosity of the inner region of these galaxies. We built up the 3.6µm and R-band spatial luminosity densities of the galaxies fitting the Tempel-Tenjes model to their surface brightness den- sities. For six galaxies a two-component model (bulge+disk) described their surface brightness density more accurately then the disk model. We found the near infrared luminosity of almost all galaxies larger compared to the R-band one, leading to higher M/L ratios in R-band in order to generate the same stellar mass. We added a gaseous component by fitting a truncated exponential disk to the gas velocity given in the SPARC database. The stellar component+gas+slowly rotating BEC combined rotation curve model fits the dataset within the 1σ confidence level in case of 11 dwarf galaxies out of 12. The size of the static BEC halo R, related to the BEC particle characteristics, hence expected to be the same for all of galaxies, has an average value ofR = 7.51 kpc, with standard deviation as 2.96 kpc (see Table  3 ). The best-fit limiting angular velocity which allows for a finite size slowly rotating BEC halo is < 2.2 × 10 −16 s . Based on the total masses (Table 3 ) the slowly rotating BEC-type DM dominates the rota- Fig. 5 . Best-fit rotational curves of the dwarf galaxy sample. The dots with error-bars denote the observed rotational velocity curves. The fitted model, composed by a baryonic and a srBEC component is represented by the black curve. The red short-dashed curve draws the contribution of the stellar component, the blue tiny-dashed curve shows the contribution of the gas, and the long-dashed purple curve denotes the contribution of the srBEC-type DM halo to the rotation curve-models. tion curves of 9 galaxies out of 12 (exceptions are UGC 4325, UGC 6446, UGC 7125).
The mass m of the BEC particle depends on its scattering length a and the size of the static BEC halo R ( ](eV/c 2 ) based on the best-fits of the srBEC model to the rotation curves of the present galaxy sample. The lower limit is given by galaxy UGC7125 having the largest static BEC halo (R = 14.381 kpc), and the upper limit from UGC7603 having the smallest one (R = 3.793 kpc). It is worth to note, that UGC7125 also has the smallest (ρ c = 0.105×10 ) among these galaxies. A slightly different lower limit on m emerges when assuming a static BEC model, the mass of the BEC particle falling into the range m ∈ [1.21 × 10 −17 ÷ 3.08 × 10
](eV/c 2 ). Again, the two limits are constrained by the galaxies UGC7125 (from below, R ′ = 15.36 kpc) and UGC7603 (from above, R ′ = 3.794 kpc). We also note that UGC7125 possesses the longest, while UGC7603 the shortest observed rotation curve in the sample, hence the size of the static BEC halo seems to correlate with the length of the rotation curves.
Finally we discuss whether the slow rotation improves over the fits. By setting ω = 0 we fit a static BEC model to the rotational curve data, obtaining best-fit parameters given in Table 4 . Comparison shows that the finite size srBEC model gave slightly better fits, which are below 1σ in 11 cases as compared to only 10 cases for the static BEC halo fits. In the static case the average value of R ′ emerged as 8.42 kpc, with a standard deviation of 3.35 kpc, as compared to the rotating BEC case with average of 7.51 kpc and standard deviation of 2.96 kpc. In a srBEC dark matter halo, the tangential velocity of a test particle is larger than in the static case at the same position (Zhang et al. 2018) , also the plateau of the rotation curves is slightly lifted. With ω = 0 the fitting process favours larger R ′ s to lift the plateau to give the same performance. This is why the average value of R ′ is larger than that of R..
According to our rotation curve analysis, the srBEC halo with suitable constrained angular velocity values proves to be a viable DM model. However the steep decrease of either the static or the slowly rotating BEC rotation curves raises doubts on whether such a halo could be well fitted with galaxy lensing data.
